Context and Research Application
This project fits well within the overall objectives established by the Environmental Management and Science Program to promote long-term basic research that will provide the tools for more effective and lower cost remediation efforts at DOE sites where hazardous and radioactive wastes or contamination zones are present. In order to develop the necessary remediation technology it has been recognized that a fundamental understanding of the various chemical and physical factors associated with waste treatment and contaminant transport must be established. Some of the specific topics include waste pretreatment, volume reduction, immobilization, separation methods, the interactions of actinides and heavy metals with surfaces in the presence of organic residues and cocontaminants, contaminant transport in the environment, and long-term storage site assessment. This project has direct and potential application in all these areas.
Research Objectives
The interaction and partitioning of contaminant metals and radionuclides between solution and solidsurface phases is a fundamental issue for waste treatment and predicting contaminant transport in the environment. Many factors are involved in the functional relationships describing chemical reactivity and physical distribution of chemical species. These include modification of chemical behavior by the suite of chemical co-contaminants in a system. Organic complexing agents are common components of waste mixtures and include both synthetic components specifically introduced as part of processing methods, and poorly characterized compounds that were introduced separately or evolved within the highly reactive wastes. Natural organic complexing agents such as citric acid and siderophores are common in nature and represent factors that will further influence contaminant transport in soils and aquatic systems. Knowledge of the existence of a metal-organic complex cannot automatically be used to predict changes in solid-solution partitioning of the metal or the rates of changes in partitioning as a consequence of ligand or metal exchange. Formation of {metal ion}-{ligand}-{oxide surface) ternary complexes can enhance sorption in some cases while highly stable metal-organic complexes in solution will decrease sorption. The preference for these two cases depends on the relative chemical properties of each component as well as system parameters such as pH and ionic strength and the relative reaction rates. In general, there is a fundamental absence of the experimental observations needed to establish the trends needed for predictive modeling and technological developments.
If we can understand both the equilibrium partitioning in these "ternary" systems (i.e., metal-ligand-solid) and the types of complexes that form as functions of a set of measurable parameters that characterize the system, we should significantly improve our ability to estimate the mass transport rates of contaminants and natural solutes in aquifers and water columns where organic ligands are significant species. We will also be better prepared to devise remediation strategies where introduction of organic ligands can bring about either mobilization of contaminants or enhanced retardation. The ligands are likely to prove useful in the direct treatment and remediation of contaminated sites (Francis and Dodge, 1992; Tuin and Tels, 1990) and can be chosen for their long term stability or their ability to degrade by natural biotic processes.
Research Statement
This project is intended to look at some of the basic issues regarding metal-ligand-surface interactions and to develop a database covering systems that are models for systems relevant to DOE. We are specifically interested the role played by natural and synthetic organic ligands in promoting or attenuating metal sorption on metal oxides. Sets of three metal ions, three organic ligand and three mineral surfaces have been chosen to represent a range of waste and environmental components.
Uranium(VI), strontium(II) and lead(II) are representative of high priority pollutants at DOE and non-DOE sites. The sorption of strontium, either sorption on mineral oxides or the effect of organic ligands, has received relatively little detailed attention and the results from this project will represent a significant addition to the existing knowledge base. The mineral surfaces chosen for this project include goethite, kaolinite, and at least one relevant field sample. Goethite is a common constituent of groundwater systems and often occurs as coatings on mineral surfaces (Zachara et al., 1995) . Kaolinite is a simple 1:1 clay mineral with low permanent charge and is a suitable end-member mineral with properties common to other clay minerals. The field sample is to be selected with consultation from colleagues currently involved in related work at DOE facilities. The organic chelators -EDTA, NTA, and citric acid -are components of both DOE and industrial wastes. In addition, citric acid is found naturally as a product of metabolic processes in soils and groundwater. EDTA has also been studied as an analog for the types of mineral and metal interactions with humic acids.
The intention is to experimentally determine the macroscopic partitioning behavior in these systems and to look for specific molecular level information that can be used to interpret the observations. Kinetic issues are also to be addressed. The rates of sorption of the metals and ligands individually are important with regard to the relevance to real applications as well as the time frame of the experiments. In particular, ligand promoted dissolution of the solid phases and subsequent metal exchange between the targeted ions and the solid constituents is a very important question for longer term equilibration.
Research Progress
The U(VI) -citric acid system was chosen for the initial study in three mineral phases: goethite (aFeOOH), kaolinite (KGa-1 reference clay) and gibbsite (y-AlOOH). Batch sorption studies using UOz2+ and a range of citrate concentrations have been completed for all solids. The results have been summarized and accepted for publication (Redden et al., 1997) . Comparison between the different solids have yielded striking results. To summarize, sorption of UOz2' on gibbsite is decreased by increasing citrate concentrations, appears to remain relatively unchanged for kaolinite, and can dramatically be increased on goethite, even at very low pH values where U02'+ sorption in the absence of citrate is negligible. This behavior for goethite is illustrated in Figure 1 . Due to these results for the UO2'+ -citrate -goethite Figure 1 : Adsorption of uranyl with system, a more detailed study of this system was increasing citrate concentration. UT = 10-6M, Citrate conducted before proceeding to the other systems. The concentration units are µM. Arrow indicates low pH range was specifically targeted in order to increasing citrate concentration. develop an understanding of the sorption characteristics and mechanism, and to develop an experimental approach that would be useful for the other systems that constitute the project objectives.
Citrate stability with respect to biodegradation
An unexpected but not unreasonable issue arose with respect to the potential biodegradation of citric acid in the experiments. On a short time scale (l-2 days) citric acid has been found to be unaffected by undesired chemical or microbial processes. However, since it will be necessary to test the long term stability of citrate-metal complexes, it was important to verify that biodegradation would not be a problem. It was found, however, that sterilization of the samples will be required since evolution of "C-citrate as CO 2 was observed after several days. A short project was conducted to verify that this was indeed a significant issue and to develop a methodology to reliably prevent biodegradation. Filter sterilization of the solutions and autoclaving the solid phase proved effective. Stability of the goethite (with respect to a potential transformation to the dehydrated hematite) was tested using FTIR and XRD and no transformation was observed. The sorption properties of the autoclaved goethite were also identical to the non-autoclaved samples.
Proton Stoichiometry
The proton stoichiometry for the sorption of citric acid was estimated by a method utilizing a pH-stat and pH matched solutions. Citric acid sorption at low pH is a proton releasing reaction. The proton stoichiometry of citrate sorption also decreases with increasing citrate sorption density, thereby suggesting that initial surface complexation of citrate may involve multiple functional groups, while fewer groups are involved as the surface concentration increases. This, in turn, is consistent with the observation that uranyl sorption is found to be enhanced only at higher citrate surface coverages. This information is required to develop a consistent interpretation of the sorption mechanism that develops from other parts of the experimental program.
Surface charge alteration by citric acid
Consistent with the proton stoichiometry was the observation that citric acid sorption could result in a decrease and even reversal of the positive charge of goethite even at pH values around 3. This is important information with respect to the stability of the citric acid surface complex and the electrostatic component of surface complexation models that may eventually be used in developing a mechanistic interpretation of the data
Ionic strength effects
A very unusual observation by our group, has been that increasing ionic strength actually increases uranyl sorption on goethite in the presence of citrate. This is a strikingly unique observation because, historically, increases in ionic strength are found to have either little effect or to reduce sorption. The presumption has been that an inner-sphere complex is unaffected by changes in ionic strength while weaker outer-sphere complexes are displaced by competitive ion exchange. The observed "inverse" ionic strength effect has rarely been observed (Schlautman and Morgan, 1994 , in a study involving humic acids). Full evaluation of the proton stoichiometry requires a set of model dependent assumptions about the surface electrostatic interactions and surface acidity, which in turn requires spectroscopic constraints on the structures and compositions of the adsorption products.
EXAFS study -The coordination environment of uranium
A pilot study was conducted to determine the feasibility of using X-ray spectroscopic techniques to determine the atomic coordination environment of uranyl sorbed in the presence of citric acid. Spectra of the extended X-ray absorption fine structure (EXAFS) region were collected. This pilot study of U(VI)-citrate-goethite samples indicated that a suitable EXAFS signal can be obtained in the concentration ranges that will be important in this project (Fig. 2) . This in itself was a significant observation since it will allow a study without changing the experimental solution conditions. In addition, it was clear that the sorbed uranyl environment in the presence of citric acid was different from both a system without citric acid and from a solution uranyl-citrate complex. The EXAFS study will be continued within the next several months. A separate proposal has been submitted to the Stanford Synchrotron Laboratory requesting dedicated beam time for continued study of this system and other systems within this project.
FTIR spectroscopy -Citric acid coordination
In collaboration with colleagues in Sweden at the University of Umeå we have also been conducting an FTIR study of the uranyl-citrate-goetite system. FTIR is specifically suited for studying the ligand environment and is complimentary to the EXAFS work. Our FTIR analysis shows a citrate surface coordination that is consistent with other compounds with multiple functional groups (hydroxyl and carboxyl). The presence of uranyl clearly influences the IR spectrum and is consistent with the existence of ternary citrate-uranyl-goethite surface complexes. At present, the sensitivity limits of FTIR make it difficult to probe the low citrate surface coverage conditions and to determine to what degree the citrate complexation changes with increasing coverage, and whether there is any potential association between citrate and uranyl under these conditions although we expect to improve on this with a continuation of the FTIR experiments. An interesting observation from the FTIR work has been that the complexation mechanism over a range where citric acid is largely adsorbed may actually be changing as a function of pH and surface charge.
Continuing work
In the first year a particular emphasis was place on details of the uranyl-citrate-goethite system. Each aspect is important as elements used to develop a consistent interpretation of the metal-ligand-surface interaction. In the second year parts of this particular phase will be concluded with the preparation of manuscripts for publication. The FTIR and EXAFS work will be continued as sub-projects. In addition all aspects of the study thus far will now be applied to the other metals (strontium and lead), solids (kaolinite and gibbsite) and ligands (NTA and EDTA) in the original proposal. One aspect that has not yet been started is the kinetics of ligand promoted dissolution of the solid phases and potential metal exchange between uranyl and the dissolution products. A hypothesis is that the dramatic enhancement of uranyl sorption on goethite will be reversed as dissolved iron displaces uranyl. Conversely, for the kaolinite and gibbsite systems, displacement of uranyl by aluminum may attenuate the ability of the organic ligands to decrease uranyl sorption. The longer term equilibration studies will be incorporated into the experimental plan for all systems studied in the next two years of the project.
